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ABSTRACT
Several studies have shown the distribution of pulsars’ magnetic inclination angles to
be skewed towards low values compared with the distribution expected if the rotation
and magnetic axes are placed randomly on the star. Here we focus on a sample of
28 γ-ray-detected pulsars using data taken as part of the Parkes telescope’s FERMI
timing program. In doing so we find a preference in the sample for low magnetic in-
clination angles, α, in stark contrast to both the expectation that the magnetic and
rotation axes are orientated randomly at the birth of the pulsar and to γ-ray-emission-
model-based expected biases. In this paper, after exploring potential explanations, we
conclude that there are two possible causes of this preference, namely that low α val-
ues are intrinsic to the sample, or that the emission regions extend outside what is
traditionally thought to be the open-field-line region in a way which is dependent on
the magnetic inclination. Each possibility is expected to have important consequences,
ranging from supernova physics to population studies of pulsars and considerations
of the radio beaming fraction. We also present a simple conversion scheme between
the observed and intrinsic magnetic inclinations which is valid under the assump-
tion that the observed skew is not intrinsic and which can be applied to all existing
measurements. We argue that extending the active field-line region will help to re-
solve the existing tension between emission geometries derived from radio polarisation
measurements and those required to model γ-ray light curves.
Key words: pulsars: general – polarisation.
1 INTRODUCTION
The recent increase in the number of γ-ray pulsar detections,
largely due to the FERMI satellite, allows great progress
to be made in our understanding of these sources. A key
question is that of the location and structure of the emis-
sion region. An important element required to test various
models of this against observations is the determination of
the “viewing geometry”, which describes how an observer’s
line of sight samples a given pulsar’s magnetosphere. Knowl-
edge of this for a particular pulsar allows predictions to be
made corresponding to a given model of the γ-ray beam
pattern, which can then be compared to observations in or-
der to examine the model’s veracity. Based on radio polar-
isation data, viewing geometry constraints were presented
by Rookyard et al. (2014) (henceforth RWJ14) for 28 pul-
sars which were included in the 2nd FERMI Large Area
Telescope catalogue of γ-ray pulsars (Abdo et al. 2013). To
this end, data taken predominantly at 1369 MHz using the
⋆ E-mail: simon.rookyard@postgrad.manchester.ac.uk
Parkes radio telescope as part of the FERMI timing project
(Weltevrede et al. 2010) were obtained. The aim of this tim-
ing project is to make regular monthly radio observations of
a set of pulsars with a high energy loss rate E˙ to construct
timing models allowing to tag rotational phases to photons
detected by the FERMI satellite. In RWJ14 these data were
used to construct polarisation-calibrated averaged pulse pro-
files of the total, linearly polarised and circularly polarised
intensity, along with profiles of the position angle (PA) of
the linearly polarised component of the observed emission.
The viewing geometry is characterised by two angles,
the magnetic inclination α (the angle between the rotation
and magnetic axes) and the impact parameter β (the an-
gle between the line of sight and the magnetic axis at the
closest approach). These parameters can be constrained by
analysing the polarised radio emission and the pulse profile
of the pulsar.
Fig. 1 shows the distribution of α values presented in
Table 2 of RWJ14. For this figure and subsequent analysis α
was mapped between 0 and 90◦ (α → 180◦ − α if α > 90◦)
as there is no physical difference between these two regimes.
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Figure 1. Distribution of most likely α values, as quoted in Ta-
ble 2 of RWJ14 and shown in Fig. 29 of the same paper. The
dashed curve is the sinusoidal distribution expected for a ran-
domly orientated rotation axis and line of sight in the absence of
any observational biases. It can clearly be seen that the distribu-
tions are different.
For three out of 28 sources the viewing geometry could not
be reliably determined due to extreme uncertainties on the
relevant parameters, as discussed in § 4 of RWJ14.
This distribution shows a significant tendency to-
wards low values such that 60% of the sample have
α < 40◦, consistent with other results in the literature.
Tauris & Manchester (1998) discussed α distributions using
values derived by Gould (1994) and Rankin (1990), all of
which demonstrate a peak at α ∼ 40◦. Tauris & Manchester
(1998) also separated the sample according to characteristic
age (τc = P/2P˙ , which is not necessarily the true age) and
corrected the measured distributions according to the beam-
ing fraction, the proportion of the celestial sphere covered by
the emission beam, assuming an empirical relationship be-
tween ρ and P . One of these distributions comprised pulsars
younger than 106.5 yr, which is approximately the same as
the range of ages of our sample. This inferred intrinsic distri-
bution also exhibited a tendency towards low α values, con-
sistent with our results. The methods used by RWJ14 were
different from those used by Tauris & Manchester (1998),
supporting the determined shape of the observed α distri-
bution.
This is a puzzling result, however. It is commonly as-
sumed that the relative orientation of the magnetic and ro-
tation axes is random at birth, in the sense that the two are
placed randomly on the star. If this is the case, the intrinsic
α distribution should be sinusoidal (e.g., Gil & Han 1996),
as shown by the dashed curve in Fig. 1. Two effects suggest
that any deviation from the sinusoidal distribution should
in fact be a bias towards high α values, opposite to the ap-
parent bias in this sample. The beaming fraction, which is
equivalent to the probability that the beam of a given pulsar
intersects an observer’s line of sight, increases with α (see
e.g. Tauris & Manchester 1998). This means that radio ob-
servations should detect a larger proportion of the total pop-
ulation of orthogonal rotators than of aligned rotators. Addi-
tionally, the prediction from γ-ray models is that the pulsa-
tions of γ-ray-loud pulsars are more easily detected when α
is large (e.g., Romani & Watters 2010; Watters et al. 2009).
As the pulsars in this sample are all γ-ray-detected, we
would expect this selection effect to skew our observed dis-
tribution further towards higher values, by an amount which
depends on the particular γ-ray model. Neither this nor the
effect of the beaming fraction will be quantified further in
this paper, but their effect on our results will be discussed.
An immediate question raised by the discrepancy be-
tween the observed distribution and our expectation is
whether the α values should be expected to follow the
birth distribution. It has been suggested that the mag-
netic axis should align with the rotation axis over time,
meaning this assumption will only be valid for a sample of
sufficiently young pulsars. However, Weltevrede & Johnston
(2008) showed that for the pulsar population as a whole, if
the axes are assumed to be randomly aligned at birth, the
proportion of pulsars exhibiting an interpulse as a function
of age is best reproduced by allowing the angle between them
to decrease with a timescale ∼ 7 × 107 yr. Other estimates
of this timescale are ∼ 106 to ∼ 107 yr (Young et al. 2010;
Tauris & Manchester 1998). The highest characteristic age
of any pulsar in this sample is 105.7 yr (PSR J1057–5226),
which is significantly less than the alignment timescale. This
indicates that the distribution for this sample should not
have evolved significantly from the birth distribution. Fur-
ther to this, it has recently been suggested (Lyne et al. 2013)
that the magnetic axis of the Crab pulsar (τc ≃ 10
3.1 yr) may
be moving away from the rotation axis. If all very young
pulsars undergo such a period of increasing α, this would
strengthen the expectation that large α values should be
favoured for the sample considered here.
In this paper we discuss various observational and other
biases which could potentially cause the observed tendency
towards low α values, including emission generated outside
what is traditionally thought to be the open-field-line re-
gion, and find two possible explanations for the form the
distribution takes. The first of these is simply that the mag-
netic and rotation axes are not randomly orientated at birth
as expected, but instead neutron stars are more likely to be
born with the axes aligned than orthogonal. Alternatively,
the axes are randomly orientated and one of the assump-
tions used in the derivation of the α values is invalid. We
argue that the most likely possibility is that the radio emis-
sion beam is larger than expected for a dipolar field by a
proportion which is dependent on the magnetic inclination.
2 METHOD TO CONSTRAIN THE VIEWING
GEOMETRY
In the following text we give a summary of the process for
constraining the viewing geometry, as applied in RWJ14 and
other publications in which radio polarisation data are in-
terpreted. This will form the mathematical basis for the dis-
cussion in this paper.
Information about the viewing geometry can be ob-
tained by fitting the Rotating Vector Model (RVM;
Radhakrishnan & Cooke 1969) to the observed PA curve of
each pulsar. The RVM depends on α and β and so the result-
ing χ2 surface in (α, β) space constitutes an initial constraint
on these parameters.
The viewing geometry can be constrained further by
considering the effect of aberration and retardation (A/R;
c© 2002 RAS, MNRAS 000, 1–12
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Blaskiewicz et al. 1991; Dyks et al. 2004) and the emission
height (hem, the distance of the emission region from the
centre of the star) which can subsequently be determined.
This effect arises from relativistic motion of the emission re-
gion relative to the observer as the region corotates with the
neutron star. The PA curve predicted by the RVM features
a point of inflection which, neglecting the A/R effect, would
be observed when the fiducial plane (the plane containing
the two axes) passes the line of sight. However, the A/R ef-
fect results in a delay in pulse phase of the inflection point
relative to the location of the fiducial plane inferred from
the intensity profile of
∆φ =
8πhem
Pc
, (1)
where P is the rotation period of the star and c is the speed
of light (Blaskiewicz et al. 1991). The pulse phase at which
the inflection point of the observed PA curve occurs follows
from RVM fitting, and the location of the fiducial plane in
terms of pulse phase can be judged somewhat subjectively
using the profile morphology. The relative delay ∆φ then
follows and so hem can be determined.
With the emission height known, the half-opening-
angle, ρ, of the beam of radio emission can be found by
assuming that the beam is bounded by tangents to the last-
open-field lines of a dipolar magnetic field. Given this as-
sumption, hem yields the half-opening angle via
ρ = θPC + arctan
(
1
2
tan θPC
)
, (2)
where θPC, the angular radius of the open-field-line region,
is given by
θPC = arcsin
(√
2πhem
Pc
)
(3)
(e.g., Lyne & Graham-Smith 2012). This beamwidth can fi-
nally be related to the range of rotational phase for which
the line of sight samples the open-field-line region, Wopen,
and the viewing geometry by
cos ρ = cosα cos(α+ β) + sinα sin(α+ β) cos
(
Wopen
2
)
(4)
(Gil et al. 1984). The symmetry of the open-field-line region
of a dipolar field means that the line of sight will sample open
field lines for an equal amount of phase before and after the
fiducial plane. In RWJ14 the fiducial plane was not necessar-
ily chosen to correspond to the centre of the observed pulse,
meaning that Wopen cannot be assumed to be the same as
the observed pulse width. Instead, it was taken to be twice
the difference in phase between the fiducial plane position
and the pulse edge furthest from it. The implications of this
decision will be discussed in § 3.2. The pulse edges were in
general taken to be the points at which the emission was
10% of the peak intensity. From the calculated values of ρ
andWopen, Eq. 4 can be used to constrain α and β. The best
joint solution from RVM fitting and the pulse width consid-
erations was defined as the favoured viewing geometry.
There are several possible reasons why an intrinsically
sinusoidal distribution may appear skewed towards low α
values. These include
(i) a systematic underestimation of the phase of the PA
curve inflection point;
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Figure 2. Distribution of α values with an artificial offset of
+2.2◦ applied to the inflection point of each pulsar. The curve
is the sinusoidal distribution which we (unsuccessfully) tried to
reproduce.
(ii) a systematic overestimation of the phase of the fidu-
cial plane;
(iii) a non-circularity of the emission region, and
(iv) extra-cap emission (in which the emission region is
larger than expected for the open-field-line region of a simple
dipolar magnetic field).
In the following subsections we consider each effect in
turn and investigate whether it could sufficiently distort the
α distribution. We will argue that the most plausible solu-
tion which allows the α distribution to be sinusoidal involves
extra-cap emission for which the ratio of the beam radius to
polar cap radius is α-dependent.
3 CONSIDERATIONS OF POSSIBLE BIASES
3.1 Systematic underestimation of the inflection
point position
The first effect we considered was a scenario in which the in-
flection point of the PA curve was systematically determined
to be at an earlier pulse phase than its intrinsic location.
Such a bias in the positioning of the inflection point could
potentially be caused by scattering, which smears out the PA
curve (Karastergiou 2009; Kramer & Johnston 2008). An-
other potential cause of a bias could be noise, which will be
discussed later in this subsection. A systematic underesti-
mation of the location of the inflection point would mean
that the determined offset between the fiducial plane and
the inflection point would be underestimated. Then, from
Eqs. 2 and 3, the emission height and as a consequence the
predicted beamwidth would be underestimated, leading to
an underestimation of α (Eq. 4).
To investigate the effect on the α distribution the inflec-
tion point of each of the 25 pulsars which contributed to the
measured α distribution was offset to later phase by a set
number of degrees. The fiducial plane and pulse edges were
kept the same. The Kolmogorov-Smirnov (KS) test, which is
independent of binning, was used to quantify the difference
between the resulting α distribution and the sinusoidal dis-
tribution. A lower test result indicates a greater likelihood
c© 2002 RAS, MNRAS 000, 1–12
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that the two sets of values are drawn from different parent
distributions.
Fig. 2 shows the distribution obtained when an offset
of +2.2◦ was applied. This was the magnitude of offset for
which the distribution was found to most closely resemble a
sinusoidal distribution, with a KS test result of 4.6% corre-
sponding to a significance slightly above 2σ. Such an offset is
similar in magnitude to the effect of scattering observed by
Kramer & Johnston (2008) in the case of PSR J0908–4913,
suggesting the offset applied in the figure could potentially
be explained by the effect of scattering in our sample. It
can be seen that the peak at low α persists, accompanied
by an excess of values relative to the sinusoidal distribution
at α > 80◦. The distribution was qualitatively similar even
when offsets were considered which were too large to be ex-
plained by the amount of scattering exhibited in the profiles.
Although the ∼ 2σ significance shows that the distribution
is formally consistent with a sinusoidal distribution, it is
somewhat marginal given that the match is not very good
even after optimising the shift, which was a free parameter.
Furthermore, the γ-ray selection effect and radio beaming
fraction biases in our sample (see § 1) are such that the ob-
served distribution should be skewed towards high-α relative
to the sinusoidal distribution. This cannot be reproduced by
the shift. Hence we argue that, whilst scattering may play a
role, it is not the main cause of the difference.
The effect of S/N on the determination of the inflection
point was also investigated. The inflection point is typically
at later phase than the midpoint of the profile, meaning
there are more significant PA values before the inflection
point. As noise contributes to the measured PA this asym-
metry might, in principle, result in a bias in the determined
inflection point. Polarised profiles were simulated according
to the RVM using various combinations of S/N and offset
between the inflection point and fiducial plane. White noise
was added and the RVMwas fitted to the resulting PA curve.
In all cases the inflection point position was unaffected when
averaged over a large number of simulations, indicating that
noise does not cause a systematic bias. It is therefore ap-
parent that if the intrinsic α distribution is sinusoidal the
observed distribution cannot be explained by either inter-
stellar scattering or the effects of noise on the PA swing.
3.2 Systematic overestimation of the fiducial
plane
Another potential cause of an excess of low measured α val-
ues is a systematic overestimation of the phase at which the
fiducial plane is located in the profile. In § 4 of RWJ14 the
consequences of misplacing the fiducial plane were consid-
ered, but for single-component pulsars only; in this subsec-
tion we apply the same effect to the whole of the sample.
It is important to consider this possibility as the fiducial
plane of each pulsar was estimated subjectively, based on
the profile shape.
There are several possible causes of such a systematic
overestimation. Within the context of the core-cone model
(Rankin 1993), such an effect could arise if, for example,
the leading portion of the beam is less intense than the
trailing portion, such that one or multiple leading com-
ponents are unobserved. This could be an extremely pro-
nounced version of the preferential illumination at later
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Figure 3. Distribution of α values with an artificial shift of −14◦
applied to the location of the fiducial plane (solid line) and with
the fiducial plane placed 12% of the observed pulse width before
the pulse for each pulsar (dotted line). The distributions are simi-
lar, with the former being a slightly closer match to the sinusoidal
distribution (dashed curve).
phases noted for young pulsars by Johnston & Weisberg
(2006) and discussed in the context of cyclotron absorp-
tion by Fussell et al. (2003). Alternatively the radio emis-
sion might not be generated in the ordered structure pos-
tulated by the core-cone model, but instead be generated
in ‘patches’ distributed randomly across the open-field-line
region (Lyne & Manchester 1988). It should be noted that
a random distribution of patches does not explain the ob-
served excess of low α values as a systematic bias is re-
quired (i.e., preferential illumination of the trailing side of
the beam).
Another possible reason for an overestimation of the
fiducial plane position would be that the centre of the ra-
dio beam (in either the core-cone or patchy beam model)
trails the magnetic axis (that is, the fiducial plane is not at
the centre of the range of phase described by Wopen). How-
ever, in this situation only the relative offset of the fiducial
plane and inflection point would be affected (the extent of
the open-field-line region, and hence Wopen, would be unaf-
fected), making this possibility equivalent to the inflection
point offsets considered in § 3.1.
The result of a systematic overestimation of the fidu-
cial plane was first of all investigated by offsetting the fidu-
cial plane determined in RWJ14 by a set amount of pulse
phase and determining the resulting α distribution, using a
method analogous to that described in § 1. The distributions
obtained using various offsets showed that as the offset be-
comes larger the increasing beamwidths cause the peak of
the distribution to move towards higher α. However, as the
magnitude of the offset is increased further, the effect of the
increasing inferred Wopen values becomes dominant and the
peak of the distribution moves towards lower α.
Fig. 3 shows the α distribution (solid bars) obtained
with an offset of –14◦ applied to each pulsar. The data vis-
ibly match the sinusoidal distribution well, which was con-
firmed by a KS test result of 52%. This implies that if for
every pulsar in our sample the fiducial plane is 14◦ earlier
than thought based on the profile morphology, this might
explain the shape of the observed α distribution.
c© 2002 RAS, MNRAS 000, 1–12
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One might na¨ıvely expect an overestimation of the fidu-
cial plane position to be related to the pulse width. A similar
investigation to that detailed above was performed, in which
the fiducial plane was placed before or after the start of the
observed pulse by the same proportion of the pulse width.
This corresponds to a scenario whereby the same proportion
of the beam is illuminated for each pulsar. However, this did
not result in any better match to a sinusoidal distribution.
The results of the KS test peaked at 26% for a fiducial plane
position 12% of the observed width before the start of the
pulse, equivalent to the trailing 45% of each pulsar’s beam
being illuminated. This is shown by the dotted bars in Fig. 3.
The KS test value is lower for a fractional offset of the
fiducial plane than for an absolute-offset, indicating a slight
(but not significant) preference for the latter scenario. It
therefore appears that our sample could have an intrinsically
sinusoidal α distribution, provided either that the fiducial
plane position is habitually ∼ 14◦ earlier than is suggested
by the shape of the profile or that slightly less than the
trailing half of the open-field-line region is illuminated. An
important point to note is that neither of these scenarios
is able to produce distributions with substantial excesses
relative to the sinusoidal distribution at α > 80◦. As a re-
sult, accounting for the expected selection effects of γ-ray
detectability and radio beaming fraction (see § 1) would be
difficult. The plausibility of a fiducial plane offset will be
discussed further in § 4.2.
3.3 Emission height gradient
Gangadhara & Gupta (2001) proposed that, at a given fre-
quency, the emission height of radiation could be greater
further from the magnetic axis, and hence further from the
centre of the profile. This means that the A/R effect will be
most pronounced at the edges of the profile. It can be seen
from Eqs. 2 and 3 that it is the emission height at the edge of
the beam which leads to the overall half-opening angle of the
beam. In RWJ14, however, the fiducial plane position was
estimated according to the locations of component peaks,
which are not at the edge of the beam and hence, according
to Gangadhara & Gupta (2001), will have a lesser emission
height. This will have caused an underestimation of ∆φ and
therefore a systematic bias towards late fiducial plane po-
sitions. It can be seen from Fig. 4 of Gangadhara & Gupta
(2001) that for PSR B0329+54 (which has a period of 0.7 s)
this effect is ∼ 4◦. Considering Eq. 1 and noting that al-
most all the pulsars in our sample have periods less than
0.2 s, we could expect the underestimation of the fiducial
plane to be greater for our sample. In addition, it is possi-
ble that high-E˙ pulsars emit over a more extended altitude
range (Weltevrede & Johnston 2008), potentially increasing
this effect.
The variation of the A/R effect across the profile will
also move the ends of the PA curve towards later phase
compared with the central region, which will distort the PA
curve such that the leading half is made steeper while the
trailing half is made more shallow. If not corrected for, this
will cause a slight underestimation of the inflection point
phase. However, as it is the ends of the PA curve at which
the distortion is most pronounced, the curve will be less
distorted close to the inflection point and so the observed
position of the steepest gradient will change by only a small
amount. The magnitude of this effect on φ0 varies between
pulsars, but for this sample is expected to be typically ∼ 1◦.
Therefore, the effect on our fiducial plane estimate will dom-
inate over this effect and any change to the inflection point
position can be neglected.
An emission height gradient has the potential to make
our observations consistent with a sinusoidal distribution.
We can see from Eq. 1 that the –14◦ offset in the fidu-
cial plane position suggested in § 3.2 could be caused by
a 0.06RLC difference in the emission height, where RLC is
the light cylinder radius. In other words, the points in the
profiles which were used to determine the favoured position
of the fiducial plane should have been emitted 6% of the
light cylinder radius lower than were the edges of the pulse.
If an emission height gradient is the main cause of the
observed tendency towards low α values, then choosing the
fiducial plane position based on the pulse edges should lead
to an α distribution which more closely resembles a sinusoid
than Fig. 1. To test this, we obtained α values by positioning
the fiducial plane at the midpoint of the observed pulse. For
this we excluded pulsars for which we believed a significant
fraction of the beam is not illuminated1.
Despite its promise, the results of this test showed little
change in the α values, with marginally more pulsars de-
creasing in α than increasing (as described in § 3.2, there
are two competing effects acting on the α values). This in-
dicates that, whilst we do not rule out an emission height
gradient for these pulsars, such a gradient cannot explain the
excess of low α values. This means that the potential –14◦
offset determined in the previous subsection would require
some other physical justification.
3.4 Non-circularity of the emission region
Another possible cause of a systematic underestimation of
α is the assumption that the beam of emission is confined
to a circular open-field-line region. To investigate the effect
of other beam shapes, a model was considered in which the
emission region was elongated into an ellipse. The method-
ology to determine α for elliptical beams is analogous to the
case of circular beams, except that the relevant half-opening
angle in Eq. 4 is ρell, which is a function of the magnetic lon-
gitude at which the line of sight enters and exits the beam.
We define the beam such that the half-opening angle de-
scribed by tangents to the last open field lines, ρ (Eq. 2),
forms the semi-minor axis of this ellipse. This makes ρell
larger than the prediction from Eq. 2, regardless of the di-
rection in which the beam is elongated. This systematic un-
derestimation of the beam half opening angle as derived un-
der the assumption of a circular beam causes a systematic
underestimation of α.
Two variants of this elliptical beam model were exam-
ined. In the first of these the major axis of the beam lay in
the fiducial plane (i.e., the elongation was towards the rota-
1 The pulsars used were PSRs J0631+1036, J0659+1414,
J0729–1448, the interpulse of J0908–4913, J0940–5428, J1105–
6107, J1112–6103, J1119–6127 (case (a)), J1420–6048, J1531–
5610, J1648–4611, J1702–4128, J1709–4429 and J1718–3825. See
RWJ14 for motivation of these choices.
c© 2002 RAS, MNRAS 000, 1–12
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Figure 4.Distribution of α values obtained assuming an elliptical
beam with ellipticity ǫ = 0.94 elongated towards the rotational
axis (solid line) and with ǫ = 0.86 elongated in the direction of
rotation (dotted line), compared with a sinusoidal distribution
(dashed curve).
tional axis). In this case, the beam half opening angle was
given by
ρell =
ρ√
(1− ǫ2) cos2(ψW) + sin2(ψW)
. (5)
In the second variant the major axis of the beam lay per-
pendicular to the fiducial plane (i.e., the elongation was in
the direction of rotation) and the beam half opening angle
was given by
ρell =
ρ√
(1− ǫ2) sin2(ψW) + cos2(ψW)
. (6)
In both these equations ρ is given by Eq. 2, ǫ is the ellipticity
of the beam and ψW is the magnetic longitude at which the
line of sight enters and exits the beam, given by
sin(ψW) =
sin(α+ β) sin(Wopen/2)
sin(ρell)
(7)
(e.g., the appendix in Weltevrede & Wright 2009).
Elliptical beams are predicted for inclined dipolar fields
due to an effect known as meridional compression (Biggs
1990; McKinnon 1993). However, in that case ρ forms the
semi-major axis of the ellipse and the beam is compressed
in the direction of the rotation axis. Correcting for such an
effect will decrease the derived α values and hence was not
considered.
For each variant of the model a series of α distributions
was determined corresponding to different ǫ values. As ex-
pected the effect of the elliptical beam was more pronounced
for higher ellipticities. Fig. 4 shows the α distributions cor-
responding to the respective best matches with a sinusoidal
distribution. These are found to be ǫ = 0.94 with merid-
ional elongation and ǫ = 0.86 with longitudinal elongation,
corresponding to axial ratios of 3 and 2 respectively. It can
be seen that the distribution tends towards higher α val-
ues when the beam is elongated in the direction of rotation
even though ǫ was lower in this case, as the line of sight will
spend a longer time within the beam. However, both dis-
tributions still show marked departures from the sinusoidal
distribution and the highest result returned by the KS test
was < 1% for each variant, indicating a ∼ 3σ variation. Also,
for many of the sample the enlarged beamwidth resulted in a
constraint from the A/R effect which was inconsistent with
the constraint from fitting of the RVM (in such cases α was
assumed to be 90◦ in line with the methodology discussed
in § 4 of RWJ14). It is therefore apparent that the ellipti-
cal beam model cannot make the observed α distribution
consistent with a sinusoidal distribution.
3.5 Extra-cap emission
The final considered way to make the α distribution consis-
tent with the sinusoidal distribution was “extra-cap” emis-
sion. In this situation the emission region is assumed to be
circular, with a radius which exceeds the conventional po-
lar cap radius by a factor s. This is similar to the ellipti-
cal beam model in that the beam half opening angle from
Eq. 2 is an underestimate which leads to an underestima-
tion of α. Claims of extra-cap emission exist in the literature
(Weltevrede & Wright 2009; Keith et al. 2010). In contrast,
however, for PSR J0908–4913 Kramer & Johnston (2008)
found s 6 1. It therefore seems that s must differ between
pulsars. Nevertheless, to compensate for the abundance of
observed low α values in this scenario requires s > 1 for the
majority of the sample.
To test this possibility the beam half-opening angles
were corrected by applying the transformation θPC → sθPC
to Eq. 2. New α distributions were then determined using
the same method detailed in § 1.
Firstly α distributions were obtained by applying the
same s value to each pulsar. Fig. 5 shows the distribution
corresponding to s = 1.18, which best fitted a sinusoidal dis-
tribution. The distributions are inconsistent, almost to the
3σ level (a KS test returns a result of 0.94%). The deficit of
pulsars with 50◦ < α < 70◦ cannot be compensated for in
this scenario and also the optimum s value is relatively close
to s = 1, indicating that the effect on the original α distribu-
tion is marginal. At lower s, the low α peak shifted to lower
values. When larger s was used the number of pulsars for
which the larger beam size resulted in a constraint from the
A/R effect which was inconsistent with the constraint from
RVM fitting increased. As these were assigned to α = 90◦
(see § 4 of RWJ14), this led to larger discrepancies between
the two distributions.
Given the variation of s values reported in the literature,
various s distributions were tested. For each test, s values
were drawn randomly from the distribution and applied to
the observations. The peak of the corresponding α distri-
butions occurred at higher α when the mean s was higher
and the s distribution was narrower. However, even when a
distribution with an unfeasibly high mean s = 10 was used,
the resulting α distribution retained a peak at α 6 60◦. This
means that the α distribution cannot be made to be consis-
tent with the sinusoidal distribution by choosing s randomly
from any distribution.
Also, consideration should be given to the α distribu-
tions determined by Rankin (1990) and Gould (1994), which
were analysed by Tauris & Manchester (1998). These α val-
ues were calculated using empirically-determined relations
between the component width and period with an assumed
α dependence consistent with Eq. 4, which did not rely on
A/R effects or involve any direct assumption of s. The de-
rived empirical relations are therefore independent of s, pro-
c© 2002 RAS, MNRAS 000, 1–12
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Figure 5. Distribution of α values obtained by applying s = 1.18
to each pulsar. The sinusoidal distribution is also shown (dashed
curve).
vided s takes a constant value unrelated to α. Given this,
the existence of a similar skew in both Rankin’s and Gould’s
α distributions provides more evidence that a simple scal-
ing of ρ via a parameter s is not the full story. However,
if s is in some way related to the magnetic inclination, the
α-dependence of the component width will differ from that
which was assumed by Rankin and by Gould. In this case
their α values will have been similarly affected to the α val-
ues determined in RWJ14, potentially explaining the fact
that the skew is apparent in all three samples. Therefore, it
appears that if the observed excess of low α values is caused
by the assumed s values, then an α-dependence of s is re-
quired.
3.6 Dependence of extra-cap emission on α
By choosing an optimum value of s for each pulsar individ-
ually it is, by definition, possible to reproduce any desired
α distribution. However, in § 3.5 we concluded that, if it
is the cause of a systematic underestimation of α, s cannot
be drawn randomly from a distribution and hence must ei-
ther directly or indirectly depend on α. To investigate what
α dependence of s would be able to reproduce a sinusoidal
distribution, we made the assumption that the α values de-
rived in RWJ14 are in the correct order. In other words, the
pulsar with the lowest derived α was assumed to have the
lowest intrinsic α of the sample and that there should be a
monotonic relation between the intrinsic and measured α.
Keeping the pulsars in the same α order, an s value was
assigned to each pulsar such that the sinusoidal distribution
was recreated. The upper panel of Fig. 6 shows the s val-
ues required for this as a function of αmeas, the measured α
values as derived under the assumption that s = 1.
The trend in the upper panel of Fig. 6 is well fitted by
an exponential function. The best exponential fit, which is
also shown in the figure, is
s(αmeas) = 2.0e
−αmeas/39
◦
+ 0.7. (8)
The errors on the fit parameters have not been quoted as the
main source of error in this relation is likely to be unknown
systematics. As expected, pulsars with lower αmeas values
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Figure 6. (Upper panel) The points indicate the value of s, the
ratio of the emission region radius to the radius of the open-field-
line region of a dipolar field, required for each pulsar such that
the α distribution becomes sinusoidal, as a function of αmeas, the
α value derived assuming s = 1. The data have been fitted with
an exponential function. (Middle panel) The s values predicted
by the best fit shown in the upper panel, plotted as a function
of α obtained after applying these s values to the respective pul-
sars. This is therefore s as a function of the intrinsic α under the
assumption that the α distribution is sinusoidal. These data are
well fitted by a linear function. (Lower panel) The distribution of
these inferred intrinsic α values, which is indeed consistent with
a sinusoidal distribution.
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have, on average, larger s values in order to reduce the excess
of low α values. There are several possible reasons for the
scatter of data points around this fit, such as uncertainties
in the determination of αmeas. Another possibility is that s
is not solely dependent on α but is also dependent on other
parameters, thereby adding a random element.
It is possible to use this relationship between αmeas and
s to determine the intrinsic α for each pulsar. The αmeas
value of each pulsar and Eq. 8 were used to predict s. This
s value was then applied to the pulsar to determine a “cor-
rected” α value, αintr, which should represent the true value
of α. The middle panel in Fig. 6 shows s plotted as a function
of αintr, and the best linear fit to the data,
s(αintr) = −0.022αintr + 2.80, (9)
where the errors have been discarded as in Eq. 8. As noted
above, any α distribution could be produced given the rel-
evant set of s values. However, it is encouraging (and non-
trivial) that the s values required to produce the sinusoidal
distribution are a simple linear function of the pulsars’ in-
trinsic α. In addition the half-opening angle of the beam is
approximately that expected from the last open field lines
of a dipolar field (s = 1) for orthogonal rotators.
The bottom panel in Fig. 6 contains the distribution of
αintr values, which shows a good match with the sinusoidal
distribution. The match is confirmed by a KS test between
these values and the sinusoidal distribution, which returns
66%. This is the highest KS test result of any scenario con-
sidered in this paper.
3.7 Extra-cap emission - comparison with
individual pulsars
In RWJ14 three cases2 were found for which Eqs. 8 and 9
cannot be used as no consistent solutions were found under
the assumption that s = 1 and hence αmeas could not be
defined. This could be due to slight errors in the chosen
fiducial plane or pulse edge position, or alternatively could
be explained by a value s < 1. By calculating αintr using the
method outlined in § 2 as s is varied, it is possible to plot
a track for a given pulsar in (αintr, s) space. The plotted
track will only be consistent with the linear fit for a limited
range of α. Fig. 7 shows the tracks for these three pulsars,
along with the best linear fit of s(αintr) and some of the data
points from the middle panel of Fig. 6. It can be seen that
for these pulsars the tracks are consistent with the linear fit
(within the scatter of data points) for α & 80◦. This suggests
these are close to being orthogonal rotators, consistent with
the conclusions of RWJ14.
A useful test of the relationship between s and α comes
from interpulse pulsars. The presence of both a main pulse
and interpulse often allows a significant s-independent con-
straint on α from RVM fitting alone. Combining this with an
estimate of s allows these pulsars to be placed directly onto
a plot of s versus α and their consistency with Eq. 9 can be
checked. Values of s and α for five interpulse pulsars which
are not in our sample can be found in Keith et al. (2010).
These, along with PSRs J0908–4913 (Kramer & Johnston
2008) and the results for the two poles of PSR J1057–5226
2 PSRs J0729–1448, J0742–2822 and J1105–6107.
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Figure 7. The three curves show the relationship between s and α
for PSRs J0729–1448 (dashed curve), J0742–2822 (dotted curve)
and J1105–6107 (dash-dotted curve). Data points from the middle
panel of Fig. 6 have been included to indicate the magnitude of
the scatter about the best linear fit (solid line).
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Figure 8. Values of α and s taken from the literature
for PSR J0908–4913 (at α = 84◦), PSR J1057–5226 from
Weltevrede & Wright (2009) (at α = 75◦) and five pulsars anal-
ysed by Keith et al. (2010). Main pulse and interpulse values are
shown for each pulsar. The solid line is the same linear fit as
shown in the middle panel of Fig. 6.
(Weltevrede & Wright 2009) are shown in Fig. 8. In the lat-
ter paper s was found for each pole as a function of the
emission height. The behaviour of those functions allows the
lower limits on s to be estimated, but there appears to be
no upper limit for either pole.
It can be seen that these points are mostly consistent
with the trend shown in Fig. 6, although with some scatter.
For most of the pulsars in this figure, the value of s appears
to differ between the main pulse and interpulse. This is con-
sistent with the scatter of data points around the fit seen in
the upper and middle panels of Fig. 6 and may be evidence
for an additional dependence of s on another parameter, or
a random element. It should be noted that as these pulsars
only cover a small range of α the gradient of the relationship
cannot be confirmed. A greater test would be possible if in-
dependent s and α values were also known for more closely
aligned pulsars.
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Figure 9. The inferred intrinsic magnetic inclination, αintr, as
a function of the measured magnetic inclination, αmeas. These
inferred values are those required to reproduce a sinusoidal dis-
tribution, assuming a monotonic relation with the measured in-
clination. An arctangential fit to the data is also shown.
4 DISCUSSION
In the previous sections we have shown that the distribution
of α values presented in Rookyard et al. (2014) (RWJ14)
differs significantly from the sinusoidal distribution one may
expect for this sample of young, γ-ray-loud pulsars. We have
also considered various biases which might be the cause of
this difference. In this section we will first consider, in a
model-independent way, the implications of a scenario in
which the distribution is intrinsically sinusoidal for this sam-
ple. We devise a simple scheme to infer the intrinsic α value
from observations which are affected by a bias which affects
the measurements. We will then discuss the plausibility and
implications of the two possible biases, a systematic mis-
placement of the fiducial plane and an α-dependence of s,
which have been found to be capable of reproducing an ap-
proximately sinusoidal distribution from the measured dis-
tribution. Finally we will consider the alternative scenario,
in which the intrinsic α distribution is skewed to low α values
compared to a sinusoidal distribution.
4.1 A model-independent relation between
measured and intrinsic α in the case of
random axis orientation
If the rotation and magnetic axes are randomly orientated,
and hence the α distribution is intrinsically sinusoidal, it
is desirable to find a relation between the measured and
intrinsic α values. Fig. 9 shows αintr, as determined in § 3.6
under the assumption that s follows Eq. 9, as a function of
αmeas, as determined in RWJ14 under the assumption s = 1.
However, it should be noted that any model used to recreate
a sinusoidal distribution from the observed α values would
give a similar diagram.
These data are relatively well fitted by an arctangential
function. At high α the αmeas values are higher than the
αintr values. This is because s is slightly smaller than 1 for
orthogonal rotators according to Eq. 9. However, it follows
from Eq. 4 that αintr is more sensitive to s (and, via Eq. 8, to
errors on αmeas) at values close to 90
◦. Therefore, account-
ing for the subsequent uncertainty in αintr, the data in the
figure are consistent with a relation which passes through
the point αintr = αmeas = 90
◦. This is desirable in order to
find a relation which allows for the prediction of orthogonal
rotators. This was taken as a boundary condition for the fit.
The best arctangential fit (shown in Fig. 9) was found to be
αintr = 1.27
◦ arctan
( αmeas
31.25◦
)
. (10)
The scatter of data points demonstrates that there is sig-
nificant uncertainty when applying this conversion to any
particular pulsar. However, this equation can nevertheless
be used as a population-averaged conversion between the
measured and intrinsic α values. It should be noted that,
although the scatter of data points can be used to estimate
errors on the fit parameters, the total error is likely to be
dominated by unknown systematics related to the determi-
nation of αmeas. For this reason we have chosen to disregard
the errors from Eq. 10.
The relation is effectively independent of the method
used to determine αintr, as any correction to the measured
α which results in a sinusoidal distribution will yield a sim-
ilar set of values. The only assumption (other than that the
intrinsic distribution is sinusoidal) to which the relation is
sensitive is that higher measured α values in general corre-
spond to higher intrinsic α values, or in other words that
the PA curve contains at least some information about α.
It should be noted that Eq. 10 is derived assuming an
intrinsically sinusoidal α distribution. As discussed in § 1, it
is expected that due to the selection effects of increased γ-
ray intensity modulation and radio beaming fraction when
α is larger, this sample should contain more high-α values
compared to a sinusoidal distribution. In this case, the re-
lation between αintr and αmeas would rise more steeply at
low measured α. Eq. 10 may still be used as a first order
correction and the mentioned biases will make the intrin-
sic α values higher, making the correction presented here
somewhat conservative.
A change in α will be accompanied by a change in β
in order to make the observed PA curve consistent with the
RVM. However, it is possible, once α has been corrected,
to correct β accordingly. The two angles can be related to
the maximum gradient of the measured PA curve via the
equation
(
dψ
dφ
)
MAX
=
sinα
sin β
(11)
(Komesaroff 1970). Use of this relation is justified as the
gradient is, in most cases, the most constrained aspect of the
RVM. The right-hand side should be identical in the cases
of the measured and intrinsic viewing geometries, leading to
sin βintr =
sinαintr
sinαmeas
sin βmeas. (12)
As an example of this method of correction, Table 1 con-
tains the viewing geometry constraints and favoured α and
β values corrected using Eqs. 10 and 12 from those given in
Table 2 of RWJ14. Note that in all cases βintr is larger than
βmeas.
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Table 1. The allowed and favoured viewing geometries for the sample after correcting the values (given in Table 2 of RWJ14) of α
according to Eq. 10 and β according to Eq. 12 (i.e., assuming the magnetic and rotation axes to be randomly orientated). MP and IP
refer to α and β values with respect to the main pulse and interpulse. In the case of PSR J1119–6127, the two cases (a) and (b) are
described in RWJ14. It should be noted that values of α > 90◦ have not been mapped into 0 < α < 90◦.
PSR Allowed Solutions Favoured Solutions
αintr /
◦ βintr /
◦ αintr /
◦ βintr /
◦
J0631+1036 59 - 127 –10.5 - –4 92 –10
J0659+1414 58 - 139 –22 - –8 101 –19
J0729–1448 56 - 122 3 - 7 90 6
J0742–2822 55 - 180 –7 - 0 90 –6.5
J0835–4510 66 - 98 –7.5 - –7 85 –7.5
J0908–4913 (MP) 96 - 96.8 –8.5 - –6.3 96.1 –5.9
J0908–4913 (IP) 83.9 6.3
J0940–5428 0 - 73; 102 - 180 0 - 21 117 18
J1016–5857 0 - 65; 119 - 180 –13 - 0 144 –6
J1048–5832 0 - 74 0 - 9 55 8
J1057–5226 (MP) 68 - 92 10 - 48 86 20
J1057–5226 (IP) 94 12
J1105–6107 53 - 124 3 - 5 90 4
J1112–6103 0 - 180 –5.5 - 0 104 –5
J1119–6127 (a) 0 - 80; 108 - 180 –25 - 0 159 –9
J1119–6127 (b) 0 - 72; 118 - 180 –25 - 0 164 –7
J1357–6429 0 - 77; 93 - 180 0 - 55 16 11
J1410–6132 0 - 180 0 - 5.5 121 4.5
J1420–6048 0 - 59 0 - 13 36 8
J1513–5908 0 - 180 0 - 90 30 34
J1531–5610 0 - 180 –59 - 0 136 –28
J1648–4611 0 - 180 –14 - 0 137 –8
J1702–4128 0 - 83; 101 - 180 –14 - 0 46 –10
J1709–4429 27 - 72 12 - 24 57 21
J1718–3825 0 - 81; 97 - 148 0 - 17 46 10
J1730–3350 0 - 180 –10 - 0 123 –6
J1801–2451 0 - 78; 107 - 180 –14 - 0 121 –11
J1835–1106 0 - 180 0 - 13 89 11
4.2 A systematic fiducial plane offset
In § 3.2 we found that a systematic offset of ∼ 14◦ in the
fiducial plane position could explain the difference between
the measured α distribution and a sinusoidal distribution.
The fixed offset in pulse phase implies that even in cases with
high mirror symmetry in the profile (such as PSRs J1420–
6048 and J1648–4611) the beam is not symmetrically illu-
minated.
One might expect that the offset of the fiducial plane
is dependent on the pulse width. We found that the ob-
served bias towards low values could be explained if only
the trailing 45% of each beam is illuminated. In the case of
PSR J1057–5226, Weltevrede & Wright (2009) argued that
the main pulse represents only the trailing 50% of the beam.
This suggests that at least some pulsars should be capable
of having the required asymmetry in the illumination.
A problem arises when accounting for the selection ef-
fects expected due to γ-ray detectability and the radio beam-
ing fraction (see § 1). Both effects predict the intrinsic dis-
tribution to have an excess of large α values relative to a
sinusoidal distribution. However, neither a constant offset
nor an offset as a fixed proportion of the pulse width could
reproduce a distribution with such an excess.
Another problem with a systematic misplacement of the
fiducial plane comes from the literature. A systematic error
in the fiducial plane position would affect our results as this
position was used to calculate ρ andWopen. However, a sim-
ilar bias was found in the α distributions of Rankin (1990)
and Gould (1994) (as shown by Tauris & Manchester 1998).
As explained in § 3.5, both authors used relations which are
not affected by the choice of the fiducial plane position, and
so the α values they derived should be independent of a sys-
tematic effect on the location of the fiducial plane. In light
of this, the presence of a similar bias in the distributions as
shown in Tauris & Manchester (1998) strongly suggests that
the effectiveness of both methods of offsetting the fiducial
plane in retrieving a sinusoidal distribution from our data
is coincidental, and cannot explain the departure of the ob-
served α distribution from a sinusoidal distribution.
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4.3 Implications of an α-dependence of s
An s value which is dependent on α is a more plausible
explanation for the difference between the measured and si-
nusoidal distributions than that discussed in the previous
subsection. The additional α dependence which this situa-
tion would introduce would affect the α values as measured
in RWJ14, as well as those derived by, for instance, Rankin
(1990) and Gould (1994). This could therefore explain the
presence of a low-α bias in all three samples.
Extra-cap emission has been suggested in the literature
and appears to be unavoidable in some cases (e.g., the main
pulse of PSR J1057–5226). Values of s > 1 mean either that
emission can be generated on closed field lines or that some
field lines traditionally thought to be closed are in fact open.
The former has implications for the emission mechanism. For
example, the Ruderman & Sutherland (1975) model of the
emission mechanism, which draws on the Sturrock (1971)
model for particle acceleration within the magnetosphere,
requires the emitting particles to lie on open field lines; any
emission generated on closed field lines would require a dif-
ferent mechanism.
The latter situation has implications for the magnetic
field structure. The open-field-line region we have assumed
in this paper is based on a static dipolar field. We have
not included higher order effects such as relativistic defor-
mations of the field close to the light cylinder (e.g., Michel
1973), which would alter the boundary of the open-field-line
region. This boundary would be a natural location for the
edge of the beam, making this interpretation more palatable.
However, not every conceivable correction to the field struc-
ture would yield the linear dependence of s on α suggested
by our data (§ 3.6). It should be noted that our results are
insensitive to the shape of the beam, as our simulations of
elliptical beams show (see § 3.4). If the beams are ellipti-
cal, s in Eq. 9 should be considered to correspond to the
semi-minor axis of the beam.
Extra-cap emission also has implications for the com-
patibility of radio and γ-ray models. The γ-ray models with
extended emission regions in the outer parts of the magne-
tosphere, such as the outer gap model (Cheng et al. 2000)
or slot gap model (Muslimov & Harding 2004), typically re-
quire large values of α for pulsed emission to be observed
(e.g. Watters et al. 2009). This is in stark contrast with
the α values derived from radio polarisation measurements
(Fig. 1), for which low values appear to be preferred. Mak-
ing the radio beam wider will increase the radio-derived α
values (c.f. Fig. 9), resulting in closer agreement with the ex-
pectation from γ-ray models. Note that Fig. 6 demonstrates
that extra-cap emission is able to reproduce a sinusoidal α
distribution. The fact that these pulsars are γ-ray-detected
might suggest that the actual α distribution for this sample
should be skewed to higher values, which would imply that
the effect of extra-cap emission is stronger than implied by
the equations in § 3.6 and 4.1. A second effect of extra-cap
emission is that the β values allowed by radio modeling in-
crease. This increase in the parameter space available to the
γ-ray models will increase the potential for models to match
the shape of the observed light curves.
4.4 Implications of an intrinsic low-α bias
Equally interesting is the possibility that the measured α
distribution (Fig. 1) would, after correcting for the selection
effects discussed in § 1, accurately represent the birth dis-
tribution of α values for this sample of pulsars and hence
that no additional corrections are needed. This would have
implications for determined timescales for alignment of the
magnetic axis. The method used by Weltevrede & Johnston
(2008), for example, assumes random orientation of the axes
at the birth of the neutron star; if the axes in fact al-
ready tend towards alignment at birth a longer alignment
timescale than their quoted value 7× 107 yr is required. In
contrast to this, the method used by Tauris & Manchester
(1998) (in which the average α value of a sample was anal-
ysed as a function of characteristic age) was not sensitive to
the birth distribution. Young et al. (2010) calculated align-
ment timescales for various models with differing birth α
distributions and showed that their value of 106 yr is fairly
insensitive to the initial α distribution.
The sample analysed in this paper consists of young γ-
ray-detected pulsars. If such a birth distribution is intrinsic
only to γ-ray-loud pulsars (i.e., the γ-ray-quiet population
is still sinusoidal), this would be an important distinction
and could allow insight into the differences between pulsars
which emit γ-rays and those which do not.
Alternatively, this birth distribution may apply to the
pulsar population as a whole. This would imply the cause
of the bias towards low α is the supernova (that is, some
characteristic of the supernova favours closer alignment of
the magnetic and rotation axes). The presence of a similar
bias in the α distributions of Tauris & Manchester (1998)
suggest that this could be the case, as those pulsars were
not selected according to detectability in γ-rays and so are
a mixture of γ-ray-loud and -quiet sources.
5 CONCLUSIONS
Rookyard et al. (2014) presented the observed distribution
of α, the magnetic inclination, for a sample of young γ-
ray-loud pulsars. This involved utilising several common as-
sumptions relating to the structure and alignment of the
magnetic field. This distribution is not consistent with the
sinusoidal distribution expected if the magnetic and rotation
axes of a neutron star are randomly orientated at birth, con-
firming the results of several previous studies. The observed
distribution is skewed towards low values, which is opposite
to the skew which would be expected from considerations
of the radio beaming fraction or from the prediction by γ-
ray models that pulsars are more easily detected in γ-rays
when α is large. Assuming that the intrinsic distribution is
sinusoidal we have explored a number of potential causes,
including the effects of systematic underestimation of the
pulse phase of the inflection point of the PA curve, system-
atic overestimation of the fiducial plane position, a possible
emission height gradient, a possible elliptical emission beam
and various distributions of the ratio s between the radius
of a circular emission region and that expected for the open-
field-line region of a dipolar field. As a result we are left with
two alternative scenarios: either the birth α distribution is
intrinsically non-sinusoidal such that there is a significant
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excess of low-α pulsars, or the measured α is not an accurate
representation of the intrinsic values. Under the assumption
of an intrinsically random orientation of the rotation and
magnetic axes, the measured and intrinsic α and β values
may be related by Eqs. 10 and 12 respectively. However, as
discussed, the intrinsic α distribution is likely to be skewed
towards higher values relative to the sinusoidal distribution,
in which case these relations will be a somewhat conservative
first order correction.
We argue the discrepancy between the measured and
intrinsic α values can be explained by a linear dependence
of s on the intrinsic α (Eq. 9). This relation predicts that
the emission region is larger than expected for the standard
assumption of emission confined to the open-field-line region
of a dipolar field when α is small, tending towards s ≈ 1 as
the intrinsic α = 90◦. Although there must by definition be
an α-dependent s distribution which will relate any desired
α distribution to the observed distribution, the fact that our
result is a simple linear relation is non-trivial. It is also non-
trivial that the size of the emission region tends towards that
expected for a dipolar field for orthogonal rotators.
Two alternative effects were considered which could bias
the α distribution: that the fiducial plane position is system-
atically ∼ 14◦ earlier in rotational phase than our expecta-
tions based on the profile morphology, and that only the
trailing 45% of the beam is illuminated. These were both
found to be mathematically possible but it has been argued
to be implausible that either is the sole cause. We do not
rule out the possibilities of elliptical beams or an emission
height gradient, but find that these are not sufficient to ex-
plain the departure of the observed α distribution from a
sinusoidal distribution.
Both an intrinsically non-sinusoidal birth α distribution
and a discrepancy between the intrinsic and measured dis-
tributions have important implications for population stud-
ies. If the α distribution is intrinsically non-sinusoidal the
population-averaged beaming fraction will be lower. In the
case of an α-dependent s value the beaming fraction of
each pulsar will be affected differently, but the population-
averaged value will be made higher. There are also implica-
tions for the timescale for possible alignment of the two axes
as a neutron star ages. Both scenarios suggest this timescale
to be longer than some previous estimates.
Each scenario raises important questions about neutron
star physics. An α-dependence of s suggests complexities in
the radio emission process or magnetic field structure. An
intrinsically non-sinusoidal birth α distribution has implica-
tions for the formation of the neutron star or for the depen-
dence of the γ-ray emission process on magnetic inclination
making aligned rotators easier to detect.
Finally we note that an α-dependent s would make the
radio models more compatible with the preferred γ-ray mod-
els, which place the extended emission regions far above the
polar cap. This is because extra-cap emission will increase
both the radio-derived α and β values. Larger α values are
favoured by the γ-ray models, while the possibility of larger
β values will increase the allowed parameter range avail-
able for the γ-ray models to fit the observed light curves.
Extra-cap emission therefore should be seriously considered
in radio beam models.
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